A new simple and sensitive detection tube to detect hydrogen cyanide in the air has been developed. The detection tube is based on the reaction of hydrogen cyanide with 4-nitrobenzil to form a violet colored product. The reaction takes place on a carrier made of a composite material, which was prepared by pelletization of a mixture of microcrystalline cellulose and MgO. The detection tube can detect hydrogen cyanide in the air in the range of concentrations 0.1-100 mg m -3 based on visual evaluation (by naked eye) of the change of indication layer coloring and comparison with etalon. The detection limit is 0.05 mg m -3 . The detection tube is highly selective and sufficiently stable during storage.
Hydrogen cyanide (HCN) is a significant chemical compound that can be found in various natural as well as anthropogenic resources. In the chemical industry, HCN is used as an intermediate product in the production of nitriles, acrylates, amino acids and other important compounds. In agriculture it is used as an effective specific pesticide (insecticidal fumigant) to maintain storage rooms, containers or ship cargos. It is also applied to maintain historical buildings attacked by wood-destroying insects. It is released during burning of some natural as well as synthetic materials, e.g., wool or polyurethanes. In the form of salts (from which it is released through acidification), it is used in gold and precious metals mining or in galvanoplastics. In the past, HCN was produced and used even as a chemical weapon or a precursor for production of a number of other chemical warfare agents. Currently, its misuse for chemical terrorism cannot be excluded.
In terms of toxicology, HCN is a highly effective system (blood) inhalation poison with an extremely rapid onset of effect. The current Occupational Safety and Health Administration (OSHA) permissible exposure limit (PEL) for HCN is 11 mg m -3 as an 8-hour time-weighted average (TWA) concentration. The National Institute for Occupational Safety and Health (NIOSH) has established a recommended exposure limit (REL) for HCN of 5 mg m -3 as a short-term exposure limit (STEL). Inhalation toxicity of HCN can be expressed too by Acute Exposure Guideline Levels (AEGL), i.e., concentrations established by the U.S. government for the civilian population. For example, for a period of 10 minutes exposure, the following values: AEGL-1 (the least serious consequences) = 2.8 mg m -3 , AEGL-2 = 19 mg m -3 , AEGL-3 (the most severe consequences) = 30.2 mg m -3 . HCN concentration higher than 55 mg m -3 after prolonged exposure to cause death. [1] [2] [3] .
The extreme HCN toxicity and the extent of its industrial use are reflected also in the research and development of corresponding methods of detection and identification. A lot of publications describe various methods of classical volumetric analysis, electrochemical methods, separation methods (mainly chromatographic methods) or optical methods such as spectrophotometry and luminescence analysis [4--11] . In addition to instrumentally demanding methods, simple methods and technical means of chemical analysis, which are usually based on an appropriate color reaction, are used in practice. These simple methods of field analysis include for example detection papers, test strips, tablets, powders, chalks or detection tubes. For detection of HCN in the air color reactions with the following reaction systems -chlorinating agent/chlorine cyan agent, HgCl 2 /acid-base indicator, Cu(II)/redox indicator or sodium picrate -are used most often [12] [13] [14] [15] [16] [17] . Procedures based on the reaction with 4-nitrobenzaldehyde, when color products arise from acyloin condensation (benzoin nitroderivatives) or reduction of some organic compounds by intermediate reactive cyanohydrin [18] [19] [20] [21] [22] [23] , are also included among well-known and sensitive colorimetric (spectrophotometric) methods for determination of HCN and cyanides. Earlier on, some authors found out and verified for the case of test papers that the creation of similar color products resulted also from the effect of HCN on 4-nitrobenzil, 4,4'-dinitrobenzil or 2,5-diphenyl-3,4-bis(p-nitrophenyl)furan [24] . Recently, a number of new proposals for the preparation of optical sensors (to include various benzil derivatives), which are applied especially in water analysis, have appeared [25, 26] .
The aim of this work is to describe a newly developed detection tube for detection of hydrogen cyanide in the air, containing a composite carrier made up of microcrystalline cellulose and MgO and impregnated with 4-nitrobenzil dissolved in dimethyl sulfoxide. The indication filling reacts with HCN creating violet coloring. Detection of HCN in the air with the designed detection tube is quick, simple, selective and highly sensitive. The resulting coloring is well reproducible. The used composite material proved earlier on in the development of a detection tube to detect phosgene (diphosgene) in air [27] .
EXPERIMENTAL

Chemicals and equipment
The following chemicals were used to prepare the indication filling: microcrystalline cellulose Avicel PH101, MgO, dimethyl sulfoxide (all Sigma-Aldrich, Praha, Czech Republic, analytical purity) and 4-nitrobenzil (Veterinary and Pharmaceutical University, Brno, Czech Republic, 96.7%). Sodium cyanide (Sigma-Aldrich, Praha, Czech Republic, 97%) for the preparation of HCN was used.
A Stephan UMC 5 homogenizer (Stephan, Hameln, Germany) and a Pharmex 35 T single screw axial extruder and spheronizer (Wyss-Probst, Extertal, Germany) were used to prepare the composite carrier. As body of detection tubes, glass wrapper tubes with inner diameter of 5 mm were used, supplemented with polyethylene sealing and distributing elements (Tejas, Jablonec nad Nisou, Czech Republic).
Samples of air with HCN for testing of detection tubes were collected by a Universal 86 manual suction device (Kavalier, Votice, Czech Republic) with a stroke volume of 100±5 cm 3 . A Lavat oil vacuum pump (Fisher Scientific, Pardubice, Czech Republic) was used for standardization of HCN in the test chamber. The absorption characteristics of the reaction product were measured using an LMG 173 tristimulus colorimeter (Dr. Lange, Berlin, Germany).
Carrier preparation and characterization
The powder mixture of MgO and microcrystalline cellulose were homogenized in a high-speed mixer at 1,000 revolutions per min (rpm) for the period of 5 min. After adding water, the resulting substance was put into the extruder with partition with holes diameter of 1.25 mm and thickness of 1.00 mm. The extrusion at a speed of 110 rpm took 10 min. The extrudate was caught in a bowl and put on a running spheronization plate of the spheronizer with a hatched patterncrosshatches at a size of 1.0 mm and at a distance of 2.0 mm from each other. The spheronization speed was 1,000 rpm for a period of 5 min. The resulting pellets were dried at a temperature of 80 °C for 20 h. Physical parameters of the carrier (sieve analysis, pycnometric density, hardness and others) were determined in a standard way [28] .
Indication filling and tubes preparation
The composite material was impregnated with a solution containing 0.6% of 4-nitrobenzil in dimethyl sulfoxide (DMSO). 20 ml of impregnation solution was consumed per 100 g of the carrier. The mixture was dried in the open air (in the fume hood), resulting in a loose state and a constant weight. The indication filling of yellowish and greyish coloring prepared like that was poured into a glass tube with the inner diameter of 5 mm. The 15 mm high indication layer was secured against movement with distributing polyethylene elements in the shape of stars. The glass tube was sealed at both ends.
Testing functionality of detection tubes in the gas chamber
The functionality of detection tubes was tested in the test gas chamber at a volume of 0.712 m 3 with appropriate HCN concentration (0-200 mg m -3 ). 1 ml of an aqueous solution of sodium cyanide with a concentration of 0 up to 150 mg ml -1 (the value of 1 mg m -3 HCN in the chamber corresponds to the concentration of 0.7 mg ml -1 of cyanides in the solution) was measured out and 1 ml of 85% phosphoric acid was added into a porcelain dish placed in the test chamber. Developing of HCN vapors took about 2 min. The actual content of HCN in the chamber was determined spectrophotometrically by a modified method according to Koenig [29] . The response of detection tubes was evaluated visually (by naked eye) based on a color change of the indication filling in dependence on the concentration of HCN in the chamber. The standard volume of the air sample was 0.1 or 1 dm tion device.
RESULTS AND DISCUSSION
Coloring characteristics
The detection tube is based on the reaction of HCN with 4-nitrobenzil on the composite carrier, which contains pellets of a mixture of microcrystalline cellulose with MgO. The reaction takes place in the DMSO environment creating 4-nitromandelonitrile benzoate [30] . The probable reaction scheme is described in Figure 1 . In contact of the indication filling with HCN in the air, there is a continuous color zone, the intensity of which (proportional to the HCN concentration) was visually evaluated (by naked eye). The maximum intensity of violet coloring was observed after 1 min upon exposure. It was possible to evaluate the color effect even after 72 h. The absorption characteristic of the color product is shown in Figure 2 . reaction (alkaline conditions) and appropriate physical parameters: the size of particles 0.8-1.25 mm, density 1.928 g cm -3 , hardness 8.4 N, abrasion resistance 0.08% and Hausner ratio (the ratio of tapped density to bulk density) 1.047. On one hand, the lower content of MgO showed, for example, higher hardness of the composite material, but on the other hand, it also showed lower intensity of the indication layer coloring. The higher content of MgO had an adverse influence on physical properties of the composite material, on its compactness and on chemical stability of the indication filling.
Influence of reagent composition and concentration
It was found that the indication filling was sensitive to HCN if the reagent 4-nitrobenzil was applied to the carrier in the form of a solution in DMSO. The reagent dissolved in ethanol, acetone or pyridine did not provide any coloring with HCN. The optimal content of 4-nitrobenzil is 0.1 to 0.2 g per 100 g of the carrier. With lower content there was a loss of intensity in coloring of the indication layer. The higher content of 4-nitrobenzil did not have any influence on the result of detection. In addition to 4-nitrobenzil also its analogue 4,4'-dinitrobenzil was verified but with negative result (there was no coloring with HCN).
Analytical data
The detection tube was visually evaluated (by naked eye) based on the intensity of indication layer coloring which is proportional to the HCN concentration in the air. Table 1) . The sensitivity of detection (concentrations difference perceivable by naked eye) was about 0.5 mg m -3 . The detection limit (the lowest concentration at which a color change of the indication layer was observed) was 0.05 mg m -3 . Reproducibility of the detection tube was tested by repeating the analysis of standard HCN sample at a concentration of 4-6 mg m -3 (this corresponds to the STEL value) or 0.05 mg m -3 (detection limit) in the course of one day or in the course of 5 consecutive days. In results, evaluated with naked eye by several persons independently from each other, no substantial differences were found.
Selectivity and interferences
In the course of the development of the detection tube to detect HCN, the influence of various foreign substances present in the atmosphere was also studied. Concentrations of these substances, which influence the color change of the indication filling of the detection tube, were sought. The found tolerance limits (maximum permissible concentrations) of some substances, valid for 5 mg m -3 and 0.5 mg m -3 HCN, are shown in Table 2 . It proved that the proposed method of HCN detection was highly selective. No other tested substance provided the coloring similar to HCN. Some substances (acid gases and vapors) at high concentrations reduce the intensity of coloring or slow down its development. The presence of high concentrations of alkali (such as ammonia) increases the intensity of color in indication layer (false positive effect).
Stability
The composite carrier of microcrystalline cellulose/MgO does not change its basic physical parameters (sieve analysis, pycnometric density, hardness and others) for at least 24 months. The indication filling with 4-nitrobenzil retains the original functionality (measurement range, detection limit) for at least 6 months when stored at temperatures up to 25 °C. It was found that stability as well as selectivity of the detection tube can be increased by adding an auxiliary layer which contains an activated silica gel saturated with 10% DMSO. The increased DMSO content in the sealed detection tube favorably affects the stability of the reactant. When using the detection tube, the silica gel layer catches most of the disturbing substances.
Application
The designed detection tube was applied for the analysis of air at an unknown HCN concentration, which was determined based on the color etalon ( Table 1) . The results were compared with the standard spectrophotometric method with pyridine and barbituric acid [31] . As Table 3 shows, the differences in results by a proposed and a standard method are comparable taking into account the methodology of evaluation (scale of etalon colors).
The designed detection tube with its parameters measures up to or does even better than some wellknown commercial detection tubes based on different chemical principles (Table 4) .
CONCLUSIONS
A new detection tube, the indication filling of which was made up of a composite carrier consisting of microcrystalline cellulose and MgO (50:50) (impregnated with 4-nitrobenzil dissolved in DMSO), has been developed. This combination of carrier material, analytical reagent and solvent gives the detection tube high sensitivity and an optimal scope of applicability in the range of concentrations 0.1- 3 . The evaluation was visual (by naked eye) based on dependence of violet coloring intensity of the indication layer on the HCN concentration. For this purpose it is possible to use the color etalon made for example with the help of Pantone formula guide. No other substance provided coloring similar to HCN. In addition to high sensitivity and selectivity, the advantage of the designed detection tube also lies in simple preparation and an easy application in the laboratory as well as in the field. Another advantage is the possibility of archiving for at least 72 h after exposure. The newly developed detection tube is suitable for a rapid indicative detection of the HCN presence in the air of work rooms or during accidents in the field.
